Spherical gel beads of collagen/alginate were prepared by discharging droplets of a mixture containing collagen (1.07-1.9 mg/ml) and alginate (1.2-1.5% w/v) into 1.5% w/v CaCl 2 solution at 4°C. Collagen in the gel beads was reconstituted by raising the temperature to 37°C after alginate was liquefied by citrate. Scanning electron microscopy of the beads revealed the characteristic fibrous structure of collagen. To demonstrate the application of this new technique in cell culture, GH 3 rat pituitary tumor cells were entrapped and grown in the gel beads. The immobilized cells proliferated to a density of 1.95 ϫ 10 6 cell/ml which is about an order of magnitude higher than that grown in the alginate beads.
Introduction
Spherical microcarriers are used extensively for cell culturing because they provide large culturing surface areas for cell growth. These microcarriers are made from materials such as polysaccharides, gelatin and collagen (Cahn, 1990; Altankov et al., 1991) . The matrix formed by collagen has the distinctive characteristics of being macroporous and contains fibrous microstructure suitable for cell ingrowth (Langer and Vacanti, 1993) . The collagen microcarriers are normally prepared from the suspension of crude collagen extract. The spherical beads can be formed by discharging a suspension of collagen fibers into liquid nitrogen, followed by dehydration and cross-linking reactions of the gel beads with the vapours of formaldehyde or glutaraldehyde (Dean, 1989; Yannas et al., 1984) . These procedures employed harsh conditions and apparently not appropriate to entrap cells in situ for subsequent cell culturing.
Alginate beads, on the other hand, can be formed under mild conditions by contacting with Ca 2ϩ ions (Smidsrod and Skjak-Brek, 1990) . By utilizing this gelling property, we have prepared gel beads of collagen in the presence of alginate. We further demonstrated that collagen can be reconstituted in these beads after liquefying alginate with citrate solution. As an example of its applications, GH 3 rat pituitary tumor cells were entrapped and cultured within these gel beads.
Materials and methods
Alginate (from Macrocytis pyrifera) was obtained from Kelco division of Merck. The composition ratio of guluronic/ mannuronic units of this alginate was determined to be about 0.57 (Thu et al., 1996) .
Preparation of gel beads containing collagen and alginate Type I collagen was prepared from rat tail tendon and stored in acetic solution at 4°C using the procedure described previously (Huang-Lee and Nimni, 1993) . When used, the acidic collagen solution was dialyzed against 0.02M PBS (0.15 M NaCl in 20mM phosphate buffer, pH 7.2) and centrifuged at 200,000 g (Ti70.1, Beckman) for 3 h. The upper two thirds of the solution containing soluble collagen was collected from the centrifuge tubes. A mixture consisting of 1.9 mg collagen/ml and 1.2% w/v alginate was prepared by mixing three volumes of collagen solution (3.16 mg/ml) and two volumes of alginate (3% w/ v). The solution was added drop by drop into 1.5% w/v CaCl 2 (pH 7.2) to form spherical gel beads. The collagen/ alginate beads thus formed were further aged in the same solution for 10 more min. Subsequently, the gel beads were washed with a buffer, pH 7.2, containing 1.1% w/v CaCl 2 , and 0.1% CHES (2-(N-cyclohexylamino)ethane-sulfuric acid). The gel beads were then immersed in a Na-CHES buffer (0.15 M NaCl and 1.1% w/v CHES, pH 7.2,) containing 0.05% w/v L-lysine for 10ϳ15 sec. After repeated washing with Na-CHES, the gel beads were resuspended in 50 mM sodium citrate, pH 7.2, for 10 min. The citrate-treated gel beads were washed with Na-CHES and resuspended in PBS buffer. The reconstitution of collagen was conducted by incubating the gel beads at 37°C for 2 h.
Cell culture
Three millimeters of GH 3 cells (2.8 ϫ 10 5 cells/ml) were mixed with 3 ml of 5.35 mg collagen/ml and 9 ml of 2.5% w/v alginate. The cell-containing gel beads were prepared by the same procedure as stated above. Ten such collagen beads were suspended in 4 ml of Dubecco's Modified Eagles Medium and incubated at 37°C under the atmosphere of 5% v/v CO 2 . The petri dishes of bacterial grade were used in this study to minimize the adhesion of cells to culture vessels. The culture media were changed every two days during the incubation period. At various times after incubation, the gel beads were treated with collagenase and trypsin to detach the cells from the matrices. The number of the viable cells was determined by trypane blue exclusion method.
Results and discussion
Collagen and alginate are fully miscible in water. When this solution was discharged into CaCl 2 solution, spherical gel beads formed. We have tested the gelling capability of alginate at various concentrations when mixed with collagen. A minimal alginate concentration of 1.2% (w/v) was needed to prevent the formation of non-spherical beads. This concentration is the same as that used when alginate alone is employed in forming beads. Apparently, collagen does not hinder the Ca 2ϩ -induced gelling capability of alginate. The collagen/alginate gel beads have the lightyellow transparent appearance. They remained transparent after being coated with lysine and treated with citrate. Surface coating of the gel beads with lysine is required to prevent the gel beads from complete dissolution when alginate was liquefied at 4°C. When incubated at 37°C, the gel beads became opaque. This is an indication of the formation of collagen fibers within the beads. The reconstitution of collagen within the liquefied alginate matrix is further indicated by the existence of collagen fibers on the surface and inside of the gel beads. The morphology of the fibrous structure of collagen is shown in Figure 1a . The average diameter of collagen fibers present in the beads is about 1.8m and the pores are in the range of 1-10m. The dimensions of the fibers and pores are comparable with that observed in the matrix of collagen without alginate. Figure 1a also shows that only a few alginate residuals still remain in the matrix when the gel bead was treated with citrate for 10 min before collagen reconstitution. We have also observed that the amounts of the residual alginate decrease with increasing times of citrate treatment. If the gel-state alginate was not pre-liquefied by citrate before reconstitution, fibrous structure was not formed ( Figure  1b ).
Because no harsh conditions are employed throughout the entire procedures, the current technique can be used to entrap cells in the gel beads and maintain their viability. To provide evidence supporting this notion, GH 3 rat pituitary cells which can grow either attached to sub- 
